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\  ABSTRACT 

\ 

Tha  cbaraeteristieaj  of  different  propulsion  systems  for 
ppeea  -re hides  are  discussed  and  compared.  The  solar-powered 
space  ship  Is  evaluated  in  greater  detail.  A  new  light-weight 
design  is  presented,  using  spherical  reflectors.  Problems  of 
design  and  operation  are  diseoasad  by  sample  of  a  hydrogen- 
operated  prototype  design.  A  nasber  of  basic  characteristics 
of  the  vehicle  system  is  established.  A  theor  tioal  analysis 
of  the  spherical  refleetor  as  energy  collector  is  presented. 
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A  Area 

i 

F  thrust 

g  gravitational  acceleration 

Ah  enthalpy  difference 

Iap  Specific  iapulse  (lb  thrust  sec  Ah  fluid) 

Q  Total  radiation  energy  flux  density  of  reflector. 

(j  flux  density  for  unit  ndniaua  area  (cf .  appendix) 

R  reflectivity  at  norsal  incidenoe 

R  reflectivity 

r  radius  of  toe  spherical  Eirror 

S  solar  constant  (  J^eal/cir?  sec) 

T  temperature 

(S'  Stefan*  Bcltnann  constant 

(0.56666  10-4  ere/ci*2  deg4  sec 
1.354.1C”12  cal  uesanJAw2  ®K  **c) 

For  additional  notations  cf.  Fig.  11. 
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Th*  enormous  cost  of  «;n 'inlying  j  pa  oe  borne  vehicle  systems  fro*  the 
earth  is  one  of  the  principal  restrictions  in  space  flight  with  cuanioelly 
powered  propulsion  systems.  Tbs  v»  rvetillty  and  freedom  of  operations  in  space 
will  increase  to  the  extent  to  which  the  dependency  on  terrestrial  supply  of 
propulsion  aa is rial  can  bo  reduced. 

The  dependency  on  terrestrial  supply  has  two  aspects,  the  first  pertaining 

to  the  energy  source,  the  second  to  the  expendable  natter.  Thrust  is  produced  by 

energising  natter,  theoretically  even  to  the  point  of  converting  it  into  radiation 
2 

•(1)  .  In  all  other,  leas  extrens  oases,  thrust  is  produced  by  accelerating 
expandable  natter,  is  the  exhaust  velocity  increases,  the  saaa  consumption  de¬ 
creases  for  a  given  operation;  but  the  energy  consunption  of  course  inert ases.  Thus, 
one  ffcoes  the  engineering  problem  of  reducing  the  ness  consumption  (hence  the 
terrestrial  supply  requirements)  and  Increasing  the  energy  supply  and  still  main¬ 
taining  reasonable  overall  operating  conditions .  This  problen  la  not  solved  by 
simply  pointing  out  another  possibility  for  producing  enomous  exhaust  velocities, 
one  aust  also  ask  under  what  conditions  of  energy  supply  and  thrust  per  unit  weight 
these  exhaust  velocities  can  be  obtained.  In  aany  instances  a  nose  detailed  analysis 
shows  that  the  atte<mmt  of  such  exhaust  velocities  is  the  least  of  the  engineering 
problems  involved  ani  that  the  energy  source,  energy  oocversion  etc.  arc  now  much 
bigger  headaches;  in  other  words,  the  problems  are  Just  shifted  into  another  area, 
because  one  does  not  obtain  anything  for  nothing.  If  one  deals  with  such  questions 
for  a  while,  oooe  comes  to  fsel  somevlat  apologetic  towards  the  "good  old*  ahesdoal 
rocket  which  in  nary  respects  is  indeed  hard  to  beat. 


lumbers  in  parenthesis  refer  to  References  on  page 


This  is  not  intended  to  be  «  orit icier  of  attempts  to  investigate 
other  propulsion  systems,  but  rather  to  caution  last  one  loses  a  realistic 
perspective  towards  the  facts  of  space  propulsion  or  fasls  that  further  hard 
work  in  improving  the  chemical  system  can  be  dispensed  with  in  favor  of 
acre  advanced  systems.  Space  flight  will  beootns  a  reality  through  the  chemical 
propulsion  system*  On  tha  other  hand,  however,  it  is  a  fast  that  the  supply 
requirements  of  the  chemical  system  are  a  real  houad loop  to  anything  more  than 
occasional  space  expeditions.  This  shortcoming  is  significant  enough  to 
encourage  research  and  analysis  of  alternate  propulsion  methods.  The  present 
paper  attempts  to  make  a  contribution  to  these  efforts. 


2.  Pareulslan  ftrstea  Ohamoterlstloa 


With  the  possible  exception  of  the  hypothetical  total  photon  propulsion, 
the  min  difference  between  oheaioal  propulsion  and  all  other  nethods  of  propulsion 
le  the  separation  of  energy  source  and  working  fluid,  hereafter  briefly  called 
nsedlun  (Fig.  1).  In  the  cheadLoal  ays  ten  this  ooaeolidation  of  energy  and  aediua 
prorides  saooth  (comparatively)  and  rapid  conversion,  but  Unite  the  selection  of 
nsdla  and  aaxiaises  the  dependency  upon  terrestrial  supply,  in&esuoh  as  oxidizers 
U&  fuels  are  nowhere  readily  available  under  natural  conditions. 

Separation  of  energy  source  and  mdiua  results  in  acre  flexible  syetens, 
tut  also  raises  new  problem  regarding  energy  supply,  energy  conversion  and  equipment 
weight.  Fig.  1  presents  a  master  of  these  system  which  already  have  been  suggested 
before  on  several  occasions,  e.g.  (2)  to  (9),  with  the  exception  of  the  arc  heating 
system  which  however  has  been  studied  previously  far  the  purpose  of  producing  an  ultra 
high-speed  gas  flow  In  tost  facilities  (10,11). 

Briefly,  the  principal  potential  pros  and  cons  of  separation  of  energy 
source  and  aediua  can  be  suaaarlsad  as  follows  t 

A&aataggi* 

(a)  Possibility  of  higher  energy  concentration  than  in  cheat cal  propellants 

„  through  the  use  of  nuolear  power  sources  (e.g.  pile,  /> -decay  battery). 

(b)  Possibility  of  naTfai^nt  energy  supply  froa  the  sun,  at  least  in  terrestrial 
and  intra -terrestrial  spaoe.  The  energy  supply,  however,  la  auoh  lees 
concentrated  then  in  either  nuclear  or  oheaioal  sources. 

(c)  Greater  freedon  in  the  eeleotlon  of  nedia. 

(d)  Possible  simplifications  of  the  prejntlslon  system  where  only  one  type 
of  fluid  is  used. 

(e)  Possibility  of  supply  of  nediun  from  other  sources  than  the  earth  (e.g. 
refilling  of  the  Saturn  noon  Titan  or  on  Jupiter  noons),  thereby  increasing 
the  range  of  the  ship  for  a  given  terrestrial  supply. 


Disadvantages! 

(f)  Greater  complexity  and  weight  of  the  energy  source,  energy  eotnrereion 
and  transfer  mechanism  and  related  equipment. 

(g)  In  way  eases  very  low  thrust-to-veight  ratios,  benoe  the  danger  of  high 
gravitational  losses  when  operating  near  planets  as  well  as  poor 
maneuverability.  Application  restricted  to  space  only. 

(h)  Difficulties  In  handling  and  maintenance  of  a  nuclear  energy  source  (pile). 

(i)  Operational  difficulties  resulting  froa  excessive  energy  release  necessitated 
by  low  conversion  efficiencies,  such  as  the  need  to  dispense  with  excess 
heat  in  oooserslon  ays  teas. 

The  last  mentioned  disadvantage  beoomes  the  Bare  severe  the  higher  the 
ultimate  energy  level  prior  to  conversion  is  supposed  to  be,  that  1b,  the  nore 
energy  is  available  prior  to  expansion  and/or  discharge  of  the  medium.  Figure  2 
presents  a  survey  of  the  energy  converted  in  producing  thrust  versus  the  specific 
inpulse  for  various  propulsion  ays tens.  For  reasons  of  c caparison  the  equivalent 
energy  for  different  flight  mechanical  energy  levels  is  given.  The  relatively  flat 
slope  of  the  conversion  line  shows  that  any  increase  in  specific  impulse  oust  be 
bought  at  considerable  increase  in  energy  imparted  to  the  jet  (in  fact,  I  oc  VdR  ). 

Bp 

This  is  the  reason  for  the  problem  shift  towards  the  energy  source  and  conversion 
system  as  the  epecifiq  impulse  goes  up)  and  obviously,  if  10  kcal/g  instead  of 
1  kcal/g  la  required  at  0.25  overall  oonverslon  efficiency,  the  production  of  40  kcal/g 
at  the  source  and  the  need  to  dispense  with  30  kcal/g  is  much  more  of  a  problem  then 
the  production  of  5  kcal/g  and  the  need  to  remove  3  kcal/g.  Thus,  high  specific 
impulse  is  desirable,  but  it  must  be  in  proportion  to  the  flight  meohanloal  energy 
require nents  (l.e,  not  greater  than  necessary  and  convenient  for  the  contemplated 
mission) . 

A  survey  of  eome  basic  characteristics  of  the Be  propulsion  systems  is 
presented  in  Tab.l.  Host  items  are  self-explanatory.  It  should  bo  pointed  out 
that  the  specific  enorgy  consumption  in  kw  per  lb  thrust  was  evaluated  as  follows t 
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The  production  la  tits  propulsion  try 8 tea  to  got  the  thrust  producing  mechanism 
star  tod,  the  energy  ccnveited  fro*  its  original  fora  into  thermal  energy,  and 
finally  the  energy  contorted  in  t'w  Jet  proper,  which  is  equal  to  iih  (Btu/s«c}/0.9S4 
Iap  (lb  secAb),  where  Ail  and  I  are  taken  froo  Fig.  2  and  1/0.9&4  is  the 

conversion  factor  froo  Btu  to  Kv.  The  figures  pertaining  to  the  ahead  cal  system 
reflect  Uw?  fact  that  little  has  to  be  produced  outside  the  asdlun  (only  auxiliary 
power)  while  the  aediun  itself  releases  the  energy.  The  conditions  are  reyeraed 
in  all  other  cases  where  energy  must  be  transferred  to  the  jet. 

Against  this  general  background  the  solar-powered  space  ship  will  be 
discussed  in  nore  detail. 


3.  Tha  3olar  Powered  Space  Ship 


Table  1  shows  that  among  the  possible  non -o he mi cal  systems ,  the  solar- 
powered  drive  is  fundamentally  the  simplest  and  most  straight  forward  arrangement. 

It  wises  an  existing  energy  source  in  apace  in  an  efficient  manner,  by  converting  the 
radiant  energy  directly  into  heat.  The  propulsion  system  simply  consists  of  tankage 
for  one  type  of  fluid,  radiation  collector,  best  exchanger  and  exhaust  nossle. 

Reaps  are  required  to  circulate  the  working  fluid,  but  since  the  quantities  in¬ 
volved  are  very  small  (less  than  a  pound),  the  pumps  are  light,  the  horsepower 
requirement  is  low  and  electrical  high-speed  drives  appear  practical.  The  necessity 
of  concentrating  the  thin-spread  solar  energy  requires  the  uae  of  large  reflector- 
type  collectors.  In  this  maimer  very  high  heat  flux  densities  can  be  obtained  which 
are  equal  and  greater  than  those  normally  found  in  the  threat  of  chemical  rocket 
engines  (  >  3  Btu/in  sec).  Most  fluids  are  heated  to  a  very  high  temperature  under 
thaee  conditions  and  this  makes  their  subsequent  piping  to  the  exhaust  nossle  quite 
difficult.  If  hydrogen  is  selected,  the  high  heat  capacity  permits  to  store  a  con3id 
erable  amount  of  energy  in  the  fluid,  while  keeping  the  temperature  within  such 
limits  (1, 300-1, 500°F)  as  to  permit  the  use  of  uncooled  pipelines  for  ths  heated 
material,  while  the  specif io  impulse  nevertheless  is  the  highest  attainable  with 
any  fluid  tinder  these  conditions  and ,  in  fact,  exceeds  that  of  chemical  propellants 
(Figures  3,4).  By  using  uncooled  pipelines,  the  system  can  ba  simplified  and  its 
weight  kept  low. 

Low  weight  is  of  extrema  importance,  since  the  thrust  obtainable 
is  only  of  the  order  of  100  to  200  lb.  Even  in  the  case  of  orbiting  space  ships  the 
thrust,- to-vo ight  ratio  cannot  be  allowed  to  become  arbitrarily  low.  The  lower  limit 
la  rather  determined  by  the  speclfio  impulse  available  and  by  the  strength  of  the 
gravitational  field  in  which  the  system  is  to  operate.  In  the  case  of  the  earth- 
noon  field  and  with  a  specific  impulso  around  450  sec,  the  thru*. t-to-w* ight  ratio 
should  not  fall  appreciably  below  O.Olg,  because  otherwise  the  flight  mechanical 
rorfornance  during  the  powered  phase  becomes  so  poor  that  impracticaUy  large  muss 


ratios  &r®  n»od?d  to  performs  a  cislunar  flight  Biseiac.  This  io  due  tc  txs» 
gravitational  losses  incurred  la  a  slow  climbing  spiral-path  associated  with 
vary  lew  thrust,  Howevwy  low  thrust  ie  net  only  a  disadveusSage.  it  Is  ia  fact 
mrelatory  Tor  the  system  tamer  r.ctrxldemtion,  because  the  s^siderable  sia®  of 
the  coll  actors-  yields  wry  long  sacsenc  ora*.  At  thrust-io-welght  ratios  of 
0,1  to  0.'*  g  it  would  not  be  possible,  within  reasonable  weight  limits  for  space 
vehicles  of  tnis  aim.  to  provide  the  nscsssary  sirufitss'ally  rigidity  and  to 
prevent  lending  arid  distort  if®  which  would  destroy  the  optie&l  qaality  of  the 
reflectors  5 

A  compromise  between  these  two  opposite  thrust  reqeirewssta  mat  be 
established  and  leads  to  values  of  the  order  of  0.01  g.  If  the  right  eossdi.ti.ons 
are  fulfilled,  the  sol&r-jf&wsred  drive  will  require  ouch  less  working  fluid 
supply  froai  the  earth  than  any  ehsmieal  propulsion  system.  The  Halted  power 
of  this  system  uakes  its  use  for  interplanetary  flights  unlikely.  It  avpmrs 
suitable  for  ci&itjar  and.  lunar  operations  which  presumably  will  be  more  f^equsnt 
and  for  which  a  reduction  in  fiu*d  supply  ie  therefore  quite  important. 

These  uoticideraiions  safes  the  solar-powered  system  appear  attractice. 
However,  ther®  aw  mery  problems  to  be  solved  if  its  usefulness  is  to  be  assured, 
Tho  principal  design  problem  lies  in  the  extreme  emphasis  for  all-out  light-weight 
construction.  Anotht”  design  as  well  as  dynamics  problem  is  the  requirement  for 
completely  independent  orientation  in  space  of  the  optical  axis  and  the  thrust 
Axis  with  respect  to  each  other.  The  problem  of  rigidity  and  the  resulting 
autopilot  control  difficulties  can  be  reduced  to  practical  -  Hues  by  roar*?  of 
proper  bracing  of  the  collectors.  Considerable  pressure  louses  are  introduced 
by  long  pipelines  between  tank,  heater  ami  motor,  requi.  ing  additional  pumping 
energy.  This  difficulty  is  apparently  unavoidable ,  A  large  number  of  different 
designs  has  been  evaluated  with  the-  purpose  of  reducing  the  length  of  piping, 
be- fore  tSjp  design  presented  in  this  paper  was  selected,  Basic  shortcomings  of  the 
-y-ter  are  of  course  dependency  on  solar  radiation  and  the  possibility  of  damage 
ev«n  hf  small  meteors  due  to  large  size  and  frail  construction.  The  vehicle  is 


without  seans  at  propulsion  while  in  the  shadow  of  a  celestial  body.  Tit®  effect 

of  eoesric  dust  nay  be  the  most  serious  of  all  problems  and  may  in  fact  constitute 

\ 

a  hurdle  which  carsxt  be  overcome.  It  is  too  early,  however,  to  assess  the 
effect  of  dust  in  spaee  with  sufficient  certainty  to  make  such  n  statement, 
fnrtu^rrasre,  the  density  and  distribution  in  cislunor  space  mist  he  known  more 
accurately.  It  ia  not  to  bo  expected  that  the  distribution  will  be  uniform  in  view  of 
the  ooasplex  interaction  of  terrestrial,  lunar  and  solar  gravity  fields  in  cislursar 
space* 

Further  technical  problems  will  be  cams  apparent  during  the  subsequent 
discussion.  Altogether  they  nates  tha  solar-powarui  space  ship  difficult  to 
realise j  iSfiaam?,  while  constituting  a  great  challenge  to  engineering  ingenuity, 
the  successful  solution  of  its  problems  will  reward  us  with  increased  freedom 


4.  TbfiJiSEkiSgJQMl 


The  selection  of  the  working  fluid  is  mainly  determined  by  the  requirement 
for  Tow  overall  vehicle  weight  and  the  definite  need  for  high  specific  impulse. 
Desirable  qualifications  derived  fro®  the  preceding  discussion  are  high  heat  capacity 
and  low  condensation  temperature  to  permit  a  maximum  degree  of  expansion  and  high 

i 

energy  conversion  at  relatively  low  initial  temperature.  In  order  to  mint* in  a 
high  heat  transfer  coefficient  throughout  the  boating  period,  the  working  fluid  must 
b®  in  supercritical  state.  Therefore  a  not  too  high  critical  pressure  is  desired. 

The  working  fluids  which  best  meet  these  specifications  are  hydrogen  and 
helium.  Their  relevant  characteristics  are  summarised  in  Table  2.  hydrogen  yields 
higher  specific  impulse,  because  Its  molecular  weight  is  lower  and  its  specific 
heat  higher.  Helium  has  the  advantage  of  higher  density  and  of  lower  critical 
pressure  as  well  as  higher  critical  density.  It  has  also  a  lower  heat  of  vaporisation. 
The  density  Impulse  of  helium  is  eboui  10  percent  higher  then  that  of  hydrogen. 

However,  it  is  believed  that  hydrogen  is  in  this  case  the  only  choice  which 
is  acceptable  from  practical  considerations.  It  is  more  readily  available,  it 
permits  to  operate  the  prorwloion  system  at  &  much  lover  temperature  level  at  about 
equal  motor  cerforreance  and  it  yields  a  lower  gross  weight,  hence  a  higher  thrust- 
to-w*ight  ratio  and  less  gravitational  losses.  At  present,  sufficient  practical 
experience  in  the  use  and  punning  of  hydrogen  in  rocket  engine  systems  is  available 
to  permit  estimates  for  the  technical  layout  of  a  solar-powered  propulsion  systems. 

The  molar  heat  of  hydrogen  under  different  supercritical  pressures  is  shown  in  Fig, 
These  curves  vers  obtained  by  measuring  the  slope  (dS/dT)p  of  curves  in  the  hydro¬ 
gen  entropy-tempera turo  diagram  rof.  (14)  ""d  computing  the  molar  heat  capacity 
from  Cp  -  (dS/dT)- T. 
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Ac  estimate  of  the  density  of  liquid  hydrogen  under  the  slightly  supercritical, 

pressure  of  15  atm  ia  shown  in  Fig,  6.  The  variation  of  exhaust  temperature 

T9  and  enthzlphy  A  h  converted  in  the  no z ale  ia  shown  in  Fig,  7  as  function  of 

chamber  pressure  and  chamber  temperature.  Figuia  7  also  shows  the  eathdkpy  A/i* 

* 

required  to  convert  the  hydrogen  from  its  original  state  in  the  tank  to  the  state  prior 
to  expansion  in  the  nozzle,  Because  of  the  relatively  low  tempers turea  involved, 
dissociation  is  nebligihle  and  Aft*  is  not  a  function  of  the  pressure  prior  to 
expansion.  By  dividing  (A/)/  Afa*)> r  one  obtains  ratios  between  0,75  and  0*85  at 
supercritioal  pressures. 
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In  order  to  inaraas*  ths  enthalpy  of  this  working  fluid  by  tbs 
rsquijwd  amount  in  a  b heart  period  of  tins ,  the  radiation  energy  must  be 
conasntratod  in  a  oaall  area  in  which  the  heater  is  placed ,  TJsmlly,  parabolic 
reflectors  are  considered  for  this  pwrpoee  (4,  7) .  In  a  parabolic  reflector  the 

is  oonoentrated  in  a  snail  focal  area  where  extremely  high  temperatures 
or  heat  transfer  rates  can  be  obtained.  Berber  and  Davis  (16)  imw  analyzed 
the  parabolic  reflector  for  the  purpose  of  attaining  w»nH inm  temperatures 
in  the  focus.  They  find  the  highest  theoretically  possible  tempera' tttre  of  a 
black  body  receiver  to  be  5,100°K  (assuming  100  %  reflectivity),  compared  to 
6,000°K  solar  surface  tenperature. 

In  a  solar  propulsion  system  the  use  of  a  oolleotor  is  not  to  attain 
highest  heat  transfer  rates  in  the  saalleet  area.  The  purpose  of  the  oolleotor 
is  to  distribute  energy  over  a  certain  area  so  that  sufficient  tine  is  given  the 
fluid  to  absorb  energy  while  at  the  sane  time  the  flux  density  remains  high  enough 
to  produce  a  source-sink  system  of  adequate  intensity  for  the  temperature  to  be 
attained  oy  the  fluid.  In  order  to  do  this  with  a  parabolic  reflector,  its 
optical  quality  must  be  reduced  purposely. 

However,  the  main  argument -against  the  use  of  a  parabolic  mirror 
comes  from  weight  considerations  In  relation  to  the  energy  obtained  or  thrust 
generated  per  unit  of  area  intercepted .  The  radiation  energy  collected  by  a 
reflector  is  equal  to  the  area  intercepted,  A,  tises  the  solar  constant,  S,  and 
tha  reflectivity  at  norwl  incidence, 


(1) 


Q  -  A  3  Hjj 

f>rom  Fig,  7^h*  for  Tc  -  1,000°K,  neglecting  locses,  is  3,557.5  calories  Der 
gram  of  hydrogen.  The  solar  constant  in  space  is  5  =  .'•/  0  cal /sec  cm2.  Thus,  if 
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ono  assumes  roughly  that  all  energy  Intercepted  can  be  transferred  to  the 
working  fluid  (hydrogen),  one  obtains  for  the  refleoto r  area  per  unit  weight 
of  hydrogen  per  second,  heated  to  1,000°K, 

A  106,725  cal  sec  cn2^  cm2 

Rn  g  seo  cal  g  (H2) 

10.672.5  a2 

k^T* 

52,190  ft2 

Rn  m g- 

Proa  Figure  3  one  obtains  for  a  presgjsre.  ratio  of  15/0.1  atm  through  the  nozzle 

and  T  =  1,000°K,  a  apealfic  impulse  of  473  sec.  .  Assuming  94  percent  or 
c 

450  see,  one  obtains  for  the  reflector  specific  Impulse 

A  *  116  ft2  _  23.7  m2  (3) 

I  R^  lb(thrust)  Rjj  kg(thrust) 


Since  the  energy  Intercepted  is  about  1  kw/m2,  one  arrives  at  10.8  kvAb( thrust)  at 

R  =  1.0  or  12  kwAb( thrust)  at  R_  s  0.9.  The  additional  weights  of  propulsion, 
a  n 

structure,  such  aa  gcniola  etc.,  and  hydrogen  itself  leave  very  little  weight 

for  the  collector  system.  In  order  to  arrive  at  an  overall  thrust-to-weight  ratio 

of  at  leait  10“2,  the  collector  weight  (lb)  to  thrust  (lb)  must  be  about  5^1  to  7:1. 

This  theft  Allows  .about  0.043  to  0.06  lb  wight  per  ft  intercepted  area  for  the 

collector  system.  Such  value'  can  obviously  not  be  realised  with  a  parabolic 

reflector  for  structural  reasons, 

miring  discussions  of  this  problem  with  the  author*  r>  associates 

3) 

Messrs.  F.  D'Viuccnt,  C.  Edenfiold  and  0.  Do. hike  thw  proposal  was  advanced 
to  use  a  thin-walled,  pressure-stabilized  sphere.  Such  a  system  not  only  has 
the  least  possible  weight,  but  alno  yields  a  naturally  correct  reflector  which 

3) 

Senior  design  Engineers,  Pro.  Den.  &  Syst.  Anal.,  Ccnvair,$an  Diego.  The  author 
la  deeply  indebted  for  their  help  without  which  the  design  could  not  have  been 
advanced  to  the  level  presented  hero. 
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in  this  case  would  he  a  hemispherical  reflector.  The  reflector  would  be 
produced  by  spray ing  one  half  of  the  sphere  with  a  thin  metallic  film  of 
aluminum  or  silver *  while  the  other  half  would  remain  highly  transparent* 

The  resulting  weight  reduction  is  so  large  that  a  certain  increase  In  inter¬ 
cepted  area  to  compensate  for  slight  absorption  losses  on  the  transparent 
side  can  easily  be  aoccnodated.  An  analysis  of  the  hemispherical  reflector 
Is  presented  in  the  Appendix  and  it  is  shown  that  heat  transfer  rates  of 
practical  intensity  are  obtained  along  that  part  of  the  optical 
axis  which  represents  the  focal  line  in  a  reflector  of  this  shape.  It  was 
therefore  decided  tc  inacr;tigat-^  a  vehicle  design  on  this  basis. 


t 


i 


6.  The  3olar-Pcwgred,Ssasg  Shift  Frototsso, 


For  this  purpose ,  a  snail  liydrogen-opera ted  prototype  of  about 

f 

16,000  lb  gross  weight  was  assumed,  containing  about  11,000  liquid  hydrogen 
and  a  gondola  for  two  crew  members.  Several  configurations  were  considered. 

The  eventual  design  which  is  shown  in  principle  in  Figure  8  and  in  more  detail 
In  Figure  9  was  chosen,  because  it  appears  to  be  the  most  attractive  compromise 
from  a  number  of  viewpoints. 

Gondola ,  spherical  hydrogen  tank  and  exhaust  nozzle  represent  one 
rigid  system,  located  in  tho  center  between  two  collectors.  Center  portion  as 
well  as  reflectors  can  be  rotated  freely  with  respect  to  each  other  about 
the  axis  of  rotation  connecting  tho  centers  of  the  two  collector  spheres, 
large  vanes  in  the  motor  exhaust  provide  roll  control  (about  the  thrust 
axis).  By  means  of  combined  motion  about  axis  of  rotation  and  thrust  axis, 
as  well  as  yaw  control  about  the  third  axis  normal  to  the  plane  of  the  paper, 
complete  freedom  of  orientation  of  thrust  axis  and  optical  axis  with  respect 
to  each  other  io  assured.  Yaw  control  is  ef footed  by  means  of  tilting  the  ex¬ 
haust  nozzle,  using  actuating  cylinders  which  also  provide  a  possibility  for 
fine  control  of  the  thrust  about  the  axis  of  rotation  by  having  these  actuators 
operate  in  two  different  planes,  as  explained  in  Fig.  9,  Detail  A.  Detail  B 
axplainn  the  connection  between  collector  sphere  and  tank  sphere  and  shown  that 
an  electric  drive  is  provided  for  each  collector  to; rotate  with  respect  to  the 
thrust  axis.  The  thrust  axis  in  turn  can  rotate  with  respect  to  the  collectors 
by  tilting  the  motor  normal  to  the  plane  of  the  paper.  Tho  vehicle  can  thus 
accelerate  in  any  direction  with  respect  to  the  sun.  Tho  arrangement  of 
equipment  in  a ri\  around  the  collector  spherec  is  such  that  the  center  of 
gravity  of  each  collector  is  in  tho  center  of  the  sphere,  or  at  least  on 
tho  axis  of  rotation,  no  that  the  reflectors  can  bo  rotated  without  producing 


a  moment  arm  with  respoct  to  the  line  of  thrust. 
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The  flow  diagram  Fig.  6  shorn  that  hydrogen  Is  pumped  Prom  the  tank 
Into  the  collector  sphere.  This  Is  done  by  means  of  a  low-pressure  pump  to 
keep  the  flow  velocity  and  therewith  the  preosure  losaen  down  during  the 
about  74  ft  long  flow  to  the  center  of  the  sphere.  If  necessary,  additional 
pumps  must  be  inn  tailed  along  the  way  to  maintain  the  flow  at  the  deolred  booster 
pressure  priot  to  entering  the  high-prsseurc  pump  in  the  center  of  the  collector. 
Since  the  flow  quantities  are  small  -  of  the  order  of  0.1  to  0*2  lb  for  oaoh 
collector  -  and  since  the  pressure  is  relatively  low,  the  weight  of  these 
booster  pumps  together  with  their  electric  drive  is  very  small,  of  tho  order 
of  a  few  pounds.  In  the  high-pressure  pump  system,  the  pressure  is  Increased 
to  tho  order  of  30  atm  (443  pel),  to  intensify  the  heat  transfer..' 8uhSequrot 
pressure  losses  an  the  way  to  the  motor  are  not  allowed  to  reduoe  the  pressure 
below  15  atm,  using  again  booster  pumps  if  neoessary.  Expansion  through  the 
nozzle  takes  plaoe  at  an  initial  pressure  of  about  15  atm  (220  pel).  The 
arrangement  of  the  high-pressure  ounp  close  to  the  heating  element  reduce a 
the  length  of  high  pressure  lines.  Assuming  that  the  inlet  pressure  at  the 
hlgh-presouro  pump  is  30  pel  and  the  outlet  pressure  450  psi  and  assuming 
further  an  efficiency  of  0.5  for  the  pump  and  0.8  for  the  electric  motor, 
tho  horsepower  requirement  for  each  of  the  two  systems  is  about  9  HP  or  6.7  kw. 

This  and  additional  power  is  probably  most  economically  provided  by  means  of  a 
turbo-electric  system.  In  Fig.  9  a  single-stage  impulse  turbine  la  indicated 
prior  to  the  expansion  noasle.  Py  means  of  an  alternator  AC  is  produced  (  3  phase, 

4  wires,  120/208  V)  whloh  has  the  advantage  of  yielding  lower  transmission 

I 

losses  and  permitting  a  higher  rotational  speed  of  the  motors  slid  pumps  than  with 
DC  where  the  motor  spool  Is  limited  to  about  i' ,000  to  10,000  rpo.  Of  the  above  ment¬ 
ioned  4  wires,  2  eaoh  lead  to  the  collector  spheres.  Py  keeping  them  in  close 
contact  with  the  cold  hydrogen  lines,  transmission  losten  aan  be  minimised.  These, 
louses  are  estimated  to  be  about  0.25  HP  per  leg. 


•***>.■• 
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For  starting  the  propulsion  system  a  high-pressure  gas  tank  for 
the  Initial  pump  operation  la  Indicated  In  Fig.  9.  However,  for  repeated 
starts  solid  propellant  9tarter  rocketa  to  energize  the  turbine  and  produce  a 
small  amount  of  thrust  appear  preferablo. 

Energy  for  auxiliary  power  needed  in  the  gondola  and  for  radio 
purposes  can  be  made  available  either  from  radiation  of  leaser  intensity  in 
the  heater  area  or  from  special  solar  batteries  shown  at  the  extension  of 
the  respective  optical  axes  of  the  collectors  in  Fig.  9.  Storage  batteries 
take  over  while  the  vehicle  passes  through  the  shadow  of  the  oarth.  Tho  aolar 
batteries  outside  the  collector  spheres  would  blook  out  radiation  arriving  In 
a  cylindrical  space  arounf  the  optical  axis.  It  is  shown  in  the  Appendix  that 

r 

this  radiation  furnishes  only  a  negligible  eontributirm  to  the  energy  concentration 
along  the  optical  axis  (focal  line). 

The  heater  extends  from  a  point  half  way  from  the  eenter  to  a  point 
on  the  periphery  of  the  refleotor.  Figure  10  shows  the  intense  heat  flux 
density  along  the  focal  line  for  several  values  of  the  reflectivity  (cf.  Appendix). 
Peak  values  between  3  and  10  Ptu/in2  sec  are  reached  at  vp  about  45  degrees, 
corresponding  to  approximately  70  percent  of  the  distance  from  the  center  to 
the  periphery  (Appendix). 

The  spherical  collector  proper  is  assumed  to  consist  of  polyester 
(polyethylene  terephthalate ) ,  a  clear  and  transparent  plastic  of  considerable 
strength  and  very  light  weight.  Very  thin  films  of  polyester  can  be  manufactured 
and  the  design  shown  in  Fig,  9  is  based  on  a  thickness  of  0.001  inch.  Under 
these  conditions  the  material  io  not  expected  to  absorb  any  appreciable  amount 
of  light  or  to  produce  significant  refraction.  In  order  to  utilize  the  industrial 
state  of  the  art,  a  polyester  called  ltylar  F)  vhioh  is  being  produced,  has  been 
evaluated  (17).  The  subsequent  information,  representing  average  values,  is  drawn 
from  this  reference  and  Is  atmanarizsd  in  Table  3.  The  polyester  film  transmits  alwut  90 


percent  of  the  incident  light  in  the  risible  region.  The  tensile  strength  is 

satislhotory,  even  at  300°F  (150°C).  Uhder  the  given  conditions  of  thrust-to-veight 

it  appears  sufficient  to  pressurise  the  sphere  with  hydrogen  or  helium  at  6.01  pai 

(about  7*10 atm)  to  lend  adequate  rigidity  to  the  hemispherical  reflector.  This 

yields  a  skin  stress  of  3,840  pai  which  is  well  under  the  tensile  strength  left 

at  300°F.  This  is  approximately  ths  daylight  temperature  of  the  lunar  surface.  It 

is  expected  that  the  film  temperature  will  stay  below  this  level,  since  it  absorbs 

less  radiation  than  the  moon's  surface.  Moreover,  since  hydrogen  or  helium  will 

diffuse  through  the  skin,  especially  on  the  transparent  side,  a  certain  amount  of 

cooling  is  provided  automatically  where  it  is  most  desirable.  The  very  lew  pressure 

on  the  other  tend  keeps  the  amount  of  gas  pressure  to  be  renewed  on  a  very  low 

level.  For  the  same  reason  also  micron-size  holes  punctured  into  the  film  by 

cosmic  dust  are  not  expected  to  be  critieal,  depending,  of  course  on  the  density 

of  the  dust.  To  a  certain  extent  the  transparent  film  and  the  internal  gas  tfiioh 

20  3 

in  spite  of  its  rarefaction  contains  more  than  10  molecules  per  ft  , provide 
protection  for  the  reflector  proper  against  frontal  impingement  by  cosmic  dust. 

The  rear  side  la  more  resistant,  since  this  side  is  expected  to  be  metal-sprayed 
on  both,  the  inner  and  the  outer  side  with  a  layer  about  one  micron  thick.  The  weight 
of  the  metallic  film  i3  negligible  and  the  film  thickness  could  be  inarea sod  if 
desirable  for  reasons  of  protection  from  cosmic  dust.  In  ths  dlreotlon  of  low 
temperature  the  polyester  material  ohoira  also  good  qualities,  tylar  is  quoted  in 
ref.  (17)  to  be  free  from  embrittlement  at  temperatures  as  low  as  -  6o°C  (-76°E). 

The  thermal  radiation  given  off  by  the  heater  wfien  cooling  down  and  the  heat  content 
of  the  thin  internal  atmosphere ,  will  greatly  dampen  the  temperature  drop  normally 
encountered  when  the  vehicle  enters  the  shadow  of  the  earth. 

Thus  the  material  seems  to  be  applicable  to  this  design.  However,  it  Is 
realized  that  there  are  many  unknowns  left,  particularly  with  respect  to  cosmic 
dust  and  the  effect  of  exposure  of  this  material  to  those  parts  of  the  solar 
epectrum  which  are  absorbed  by  the  atmosphere.  However,  it  appears  still  too  early 
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to  rula  out  this  typo  of  application.  Moreover,  further  directed  development 
my  lead  to  additional  Improvements .  fhe  problems  encountered  In  this  design 
sure  characteristic  problems  of  an  advanced  space  technology  and  must  be  solved 
Jointly  by  industrial  and  satellite  research. 

A  veight  summary  of  the  prototype  is  presented  in  Table  4.  Both  eollectors 
together  weigh  only  740  lb  or,  with  aooeeeorie3,  1,000  lb.  This  is  roughly  the 
equipment  which  replaces  the  44,000  lb  oxygen  otherwise  needed  to  heat  the 
hydrogen  (11,000  lb)  chemically.  It  is  this  fundamental  advantage  which  mokes  the 
solar- powered  space  ship  a  significant  possibility  and  well  worthwhile  the  effort 
to  solve  its  numerous  existing  problems .  Of  course,  this  advantage  is  not  all  gain. 
There  are  certain  penalties  in  the  form  of  design  and  operational  difficulties. 
Another,  most  significant  penalty,  namely  the  flight  meclianical  performance  loss 
due  to  the  low  thrust-to-veight  ratio,  will  be  discussed  in  the  subsequent  section. 


The  baalo  efarnotaristica  of  a^-choxieal  prcpuisi  m  ssuhads  are 
surveyed.  Tfc®  principal  fw  &  ohanjse  t@  tbsss  ay»tao»  Itf  attempt 

to  gst  away  .fro©  tha  Mgfe  aiase  ocnsueptl^Q  which  i*prM*nt#  ths  ftstjer  dioodvas^agis 
of  the  cfesvaeal  propulsion  3@tbcd.  Eewaver*  it  i®  potato  out  that  la  doing  ac* 
a  boat  of  other*  parti”  oven  mw  sovsre  difficulties  is  enoouotarod »  All  nos- 
chemical  methods  require  doasiderabie  research  zxd  ders'lojwent  effort  fesfora  they 
can  bocorae  practical. 

Bao&uew  of  its  advantages  In  eis^plieliy  and  high  energy  conversion 
efficiency  the  solar-powered  space  ship  is  ’discussed  in  ?sore  detail ,  This  vshiels 
is  potentially  capable  of  carrying  out  operations  is  oislua&r  and  lues?  space 
(without  landing)  on  a  reach  more  *<m'-m±oal  basis  aa  far  m  supply  jrequdrsaents 
are  concerned »  However,  the  system  is  a  goad  esauaple  for  the  ■aaifald  difficulties 
eneouatarsd  wisan  changing  to  another  propulsion  ssystos.  Ttesas  difficulties  sy*. 
not  mcesearily  ins&r^outafele.  but  thsir  severity  is  noassdsrabXe  ar«d  the  rssult- 
1e&  problem  present  ©any  challenges  tc  engineering  and  aoissse*.,  In  tbs  ease  of 
th-j  solar-powered,  space  ship  the  requirement  for  estresssly  light  oonctmticn  is 
\em  determining  factor,  to  a  greater  extent  than  ever  before  in  the  history  of 
rocket  developraect  which  is  the  story  of  ssan’s  flight  against  weight  in  ®or©  than 
one  B8C3C,  It  appwrs  t-hat  this  problem  can  be  <Y9$raom  -by  radios Uy  aw  designs 
which  must  be  baaed  or  the  best  materials  industry  cub  provide.  The  prototype 
presented  her®  a«y  indicate  a  possible  &  'lution.  It  appe-art,  likely  that  If  at  & 
later  i'jne  industrial  sul  scientific  ingenuity  can  be  put  to  work  on  a  uroader  basis 
e  practical  aolai'-powored  space  ship  can  be  developed  and  nan's  freed  on  of  operation 
in  the  earth-aeon  field  U  increased  lee*  ivwly. 
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Figure  //  defines  the  notation  used  subsequently.  The  optical  or 
principal  axis  passes  through  the  vertex  V  and  the  center  0  of  the  sphere.  For 
the  sake  of  simplicity  of  the  geometrical  relations  involved,  solar  radiation  is 
in  this  connection  assumed  to  oonsist  of  parallel  rays  of  light.  The  reflection 
point  R  of  an  incoming  light  ray  can  be  described  by  the  center  angle  y?  ,  measured 
from  a  line  normal  to  the  incoming  light  and  into  the  direction  of  the  optical 


axis  toward  the  vertex  V.  It  is  then 


-  cos  \p 


(1-D 


i 

-y 


-  sin  2  i 


(1-2) 


The  last  relation  defines  the  length  f  of  the  reflected  beam  In  terms 
of  the  radius  of  the  spherical  reflector.  This  length,  times  the  angles  subtended 
by  the  light  source,  determine  the  diameter  of  the  image.  In  the  ease  of  the  sun 
this  angle  in  known  to  be  32’  c  0.00931  radians  B  jb  .  The  smallest  possible 
image  diameter  is  therefore  f  at  any  station  of  the  optical  axis  Irradiated, 
and  It  lies  in  the  plane  normal  to  the  dlreotlon  of  f.  If  the  element  lies  in 
the  axis  70,  the  incident  radiation  will  spread  to  form  an  ellipso  of  light  rather 


than  a  circle.  The  major  axis  of  this  ellipse  is  given  by 


_ f/2 _ £/L. 

s*'**  Zf 


(1-3) 


The  radiation  intercepted  by  the  minimum  area  A^n  =  {ff/ 4)f^fc  *"  ,  as  compared 


to  the  total  elliptic  area  irradiated  la, 


Elliptic  area  Aell  =  a  b  =  IT  £  i  f f>  =  & 


A  Hi«i 


sin  2 


(1-4) 


Assuming  a  flat  plate  receiver,  the  radiation  absorbed  is  (for  QC  =  6) 


&  -  £  ~  £-.  5  ( *1 0  ~-^L  ^  ^  $ »  c 


(1—5 ) 


For  a  small  reflector  surface  element  the  incident  flux  is  then  given  by 

q  =  S  cos  i  ~  S  sin  <^> 


d-6) 


where  S  is  the  solar  constant.  This  reduction  in  intensity  is  of  course  due  to 
the  sfu-ading  of  the  incident  flux  over  a  larger  area  than  in  the  case  of  vertical 
Incidence  (at  point  V).  The  reflectivity  of  the  surface  element  follows  from 
Klrchhoff’o  law  (assuming  <*=£),  2  e  +  R  =  1}  £  “  (l-R)/2  and  Lambert’s  law 


£  =£*nos  i  =  f  ^  sin  ^  ,  whence 


R  =  1  -  (l-Rjsin^ 


(1-7) 


Tie  amount  of  radiation  absorbed  by  a  flat  plate  receiver  (diameter  f  ^3  )  fro® 

•  surface  element  af  arc  length  da,  revolved  about  the  optical  axis,  is  therefore 


dq  =  S  sln^  R  *2*5  2  TT  (2h)  fd^ 


(l-«) 


where  S  sin u?  isr'  the  incident  fl.ux,  II  the  reflectivity,  A^n/A«n  the  fraction 
of  radiation  intercepted  by  the  minimum  arei,  oc  the  absorptivity,  2 r (2h)  the 
circumference  at  the  given  h  about  the  optical  axis  and  f  dp  the  arc  element. 
Being  Eqs.  (1-7),  (i-4),  (1-5)  and  and  setting  f  df  ~  ds,  one  obtains  the 

flux  density  imr  area  element 

4irr  S £y,  {,  tv)  ll-0-e„)si*f]  (1-9) 


where 


^(y7)  =  sin22ip  siny^eos^ 


(1-10) 


Integra tier  of  this  equation  yields  the  overall  flux  frora  the  reflector  surfac 
nn  the  irradiated  portion  of  the  optical  axis, 


"22" 
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The  flux  density  in  terms  of  the  minimum  area  JL^n  is  at  ary  point 


where 


J  (1-12) 

ff  1 

f-  -B.V 

Uf) 

'  I 

=  ~  ( St’^  l  *f  +  j  Sl  'Vy  ) 

(1-13) 

,  .  4  2  . 

+*  £i'na 

(1-U) 

Bqs.  (1-2),  (1-4),  (1-10),(1~13)  and  (1-14)  are  tabulated  in  Table  5.  The 
tabulation  begins  with  *f 3  30° ,  because  at  this  value  ilia  incoming  ray  hits  the 
vertex  after  reflection.  At  asaT.er  values  of  p  the  ray  follows  a  polygon  path 
before  it  hite  the  optical  axis.  No  attempt  has  been  made  in  this  first  survey 
to  analyse,  this  portion  of  the  incoming  radiation.  Qualitatively,  it  increases 
the  radiation  influx  in  the  outer  portion  of  the  focal  line  (0.7*rsl.O). 

The  ratio  f/r  as  well  as  q/ds  are  plotted  in  Fig.  12,  .  The  curve 
f/r  shows  the  well-known  fact  that  for  spherical  reflectors  of  very  small 
anerture  a  focal  point  exists  w’ruch  i~  located  at  0.5  r.  The  curve  dq/drs  lniicates 
that  for  large  aperture  spherical  reflectoir  the  mexiimun  differential  radiation 
flux  is  at  p*  45°,  corresponding  to  0.7  r. 

Using  Bq.  (1-11)  the  integral  radiation  flux  can  be  computed.  The 

p 

result  is  shown  in  Figure  IB  ,  where  Q  is  given  in  terras  of  '  fj'  r  Sd^&s 
function  of  ^  .  In  accordance  with  the  trend  shown  by  the  dq/ds  curves,  the 
Q  curves  indicate  that  there  is  little  or  no  contribution  ''non  radiation  infli~ 
at  tho  extrema  values  of  p  .  This  trend  in  the  sane  as  for  d  in  (16)  for  the 
tvrabclic  mirror. 


By  computing  awngi  values  of  q,  Bq.  (1-12),  am  oan  find  the 
temperature  of  a  black  body  receiver  (flat)  along  0.5  4  r  ^1.0,  by  using 
the  Stefan-Boltsaaim  relation  T  *  (q/cr  )4  where  <T  is  the  Stefan-Boltsmm 
constant. Ibis  has  been  dona  by  using  average  values  of  q  in  intervals  of 
five  isgnbos.  The  result  is  shown  in  Pig.  14  for  the  radiation  flux  density 
p&j  c J  of  minimum  area  and  for  the  temperature.  This  temperature,  representing 
the  highest  theoretically  attainable  in  a  reflector  of  thi3  type  (R  =  1.0),  is 
1,000°K  or  l,e00°R  lower  than  the  theoretical  Maximum  found  in  (16)  for  the 
parabolic  mirror.  The  values  of  q  are  also  presented  in  Fig.  10  where  they 
are  presented  in  the  engineering  system. 
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Table  2  £ga«lljgflQ_g£ ,  B&EUBSL  OHA  Mfctt 


Molecular  Weight 
Freezing  Point 

Coiling  Rjiat  (760mm) 

3p.  Gravity  (liq.  ,760nm) 

Critical  Pressure 

Critical  Temperature 

Critical  Sp.Gravity 

Specific  Heat 

(Average  between  B.P.  and 


Mlgggfl 

Helium 

2.016 

4.003 

-436°?  (12} 
-260°C 

-459. 4°P 
-273°C  (13) 

-423°P(12) 

-252.8°C 

-452.2°? 

-269°C  (13) 

0.071  ,  ^  .  0.13  (13)  , 

(4.43  lb/ft3)^3)  (8.1  lb/ft3) 

13.5  atm  (12) 
12.8  atm  (13) 

2.28  atm  (13) 

-400°?  (12) 
-240“C 

-450.2°? 

-267.9°C  (13) 

0.031  (13) 
(1.94  lb/ft3) 

0.069  (13) 

(4.3  lb/ft3) 

3.7  Btu/lb°F  1.13  Btu/lb°F 

3.7  oel/g°k(5)  1.13  oal/g°k  (5) 

108  oal/g  4.93  oal/g  (4.93°k)  (14) 

194  Btu/lb  (12)  8.87  Btu/lb 

Heht  of  %porization  (760m) 
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Table  3  flan®  Relevant  Prop® rt leg  of  tiW  FtiLffirtff  -fflLAB  <17) 


Molting  Point 

Specific  Gravity 

Thermal  (tooduotivity 

Themal  Coefficient  of  Linear  Rxpansion 

Light  Transmission 

Tensile  Strength 

Bursting  Strength 
Oxygen  Feroeabillty 
Hydrogen  pomeability 


250-255°C  (a*>ut  490°F) 

1.38-1.39 

3.63 *10"4  oal/cm  seo  °C 
20*10”^  °F 

about  90?  in  visible  (>4,090  &) 
zero  at  <3,000  A 

25,000-30.000  pel  (about  0UF) 
10,000  pal  ?  300°F  (150°C) 

45  lb  a  1  nil  thickness 

0.9  gA0O  m2  hr  ^  1  mil  thlcJmesi 

No  Data  Available 
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Tabled-  4  1  Characteristic  Data  of  the  Solar  Powered  frwceshio  ffrototypo 


1.  ’.'eights 


Hadiation  Collectors  (2) 

Polyester  Coheres  (2) 

Cold  Tubes,  '/ires,  Springs 
Connections, Reflector  Drive,  Misc. 

Ho1  Pining  System  (for  ?  Collectors) 

•  Hosting  Plemonts 
Hot  Pining 

Radiation  Jacket  for  Hot  Pipes 

■y,t’inr- 

Turbine  and  Alternator 

Tow-Pre3sure  Rooster  Pump  (0.37  Ib/sec  H-?) 
HI -Pressure  P>tnp  ft  ?4otor  (2  nets) 

'firing  (2  sets)  (electrical) 

Mo  Lor 

Connections  ft  Shut-off  Valves 
Array  of  '’olid  Prop. Starter  Rockets 
!.:ouil  Hydrogen  Tank  (17  ft  Dia.,900  ft2  Surface) 

Con  lol*1 ,  Crew  ft  v^uipment 
lion  l  Hydrogen 

Gross  Weight 
Dry  Weipht 


740  lb. 
190 
70 

20*1  lb 

350 

150 

60  lb. 
10 
50 
?') 

50 

10 

300 


1 ,000  lb. 

700 


500 


POO 
2,400 
11.000 
16,400  lb 
5,600  lb 


2.  Miscellaneous  Data 


T*  Collector  Sphere:  Diameter 

4k'  Intercepted  Area.  A. 

Circumference 
Surface  Area 

Voinmo 

hydrogen  gas  wt.  in  sphere  (o.ol  P3i )  300°F 

-150c^ 

Helium  gas  wt.  is  roughly  twice  that  of  Hj 

!r.t/*rcrtnted  area  theoretically  renuired  to  produce  HO  lb.  of 

thrust  at  T  -  450  sec 

He  fleeter  efficiency  9,30*0/12,  -J70 

Theoretically  produced  thrust  per  reflector 

Tnorgy  theoretically  collected  by  reflector 

Theoretical  specific  energy  consumption 

Actual  thrust  assumed  to  be  produced  oer  collector 

Total  thrust  produced 

"hrust- to -weight  ratio:  initial 

maximum  final 


12'  ft., 
12,2.70  ft.2 

402.1  ft.- 
51,46o.8  ft, 
1,098,000  ft* 
2.74  lb 
6.35 


o,300  ft2 
0.725 
111  lb 
1,287  kw 

12.9  kw/lb  thrust 
80  lb 
160  lb 
0.976.10"2 
2.963.10-2 


3.  local . Performance 

'  cabins*  Factor  {!  .H-,/~ross  Wt.) 

‘axirr.*'"  pns-ib’o  "ass  'latio  Ha-ed  on  loading  "actor 
'S’ri  r  icr.  1 1  f  ->0  •  I  :H  c  Imnul  so  Assumed 
To  il  •■••loc-'tv  on  Above  '"'ati 


9.67 

3.03 

450  lb  r.cc/lb 
15,730  ft /see 


,1  ^rforrr.nce  characteristics  in!: cate  that  this  prototype  is  not 
1, r'Mrht  a  ns  return  inta  the  orbit  of  lonnrture,  taken  at  !>0 
.  of  th."  prototype  is  to  study  problems  of  design,  as.  i 

i‘  r.  *•  '  i.asio  characteristics  of  the  vehicle. 
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Table  5 


Chanfetcrlitlq  fmetlona  of  the  Spherical  Reflector 


■HHjamn 


r 

(deg) 

f/r 
(  -  ) 

fi  </>> 

<-) 

Ksr* 

(3-r 

30 

1.0 

0.3248 

0.035a 

0.07812 

35 

0.6717 

0.4149 

0.05048 

0.12675 

40 

0.7778 

0.4775 

0.06658 

0.18554 

45 

0.7071 

0.5000 

0.08250 

0.25000 

50 

0.6527 

0.4775 

0.09708 

0.31441 

55 

0.6104 

0.4149 

0.10945 

0.37325 

60 

0.5773 

0.3248 

0.11907 

0.42187 

65 

0.5517 

0.2248 

0.12585 

0.45785 

70 

0.5321 

0.1327 

0.13005 

0.48107 

75 

0.5176 

0.0625 

0.13224 

0.49358 

SO 

0.5077 

0.0200 

0.13310 

0.49866 

65 

0.5019 

0.00261 

0.13332 

0.49990 

69 

0.500 

90 

— 

0 

0.13339 

0.50000 
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FIGURE  14.  ENERGY  CHARACTERISTICS  OF  SPHERICAL 

MIRROR  (IN  SPACE) 
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